By means of non-adiabatic quantum molecular dynamics it is shown, that the amount of energy deposited into C60 by a short laser field strongly depends on the molecular orientation with respect to the laser polarization direction. In consequence, subsequent electron-vibration coupling leads to different nuclear relaxation mechanisms with mainly three pathways: (1) excitation of giant Ag(1) modes ("breathing"), (2) formation of deformed cage-like complexes ("isomers"), fragmentation predominantly into two large pieces ("fission"). The results are in accord with and explain nicely already existing experimental data. Future experiments are proposed to confirm the detailed predictions.
By means of non-adiabatic quantum molecular dynamics it is shown, that the amount of energy deposited into C60 by a short laser field strongly depends on the molecular orientation with respect to the laser polarization direction. In consequence, subsequent electron-vibration coupling leads to different nuclear relaxation mechanisms with mainly three pathways: (1) excitation of giant Ag(1) modes ("breathing"), (2) formation of deformed cage-like complexes ("isomers"), fragmentation predominantly into two large pieces ("fission"). The results are in accord with and explain nicely already existing experimental data. Future experiments are proposed to confirm the detailed predictions. Since its discovery in 1985 [1] , the Buckminster fullerene C 60 has been investigated intensively in many fields of physics, chemistry and related areas. With its well defined, highly symmetric structure and the large number of nuclear and electronic degrees of freedom (DOF), C 60 has become an ideal model system to study structural, electronic and dynamical properties of atomic many-body systems, such as electron transport in molecular systems [2] , collisions between complex particles [3] , cluster physics on surfaces [4] or laser -finite matter interaction [5] . Due to its icosahedral symmetry (resembling a soccer ball [1] ), one would intuitively expect a minor impact of orientation effects on the underlying mechanisms. And indeed, many laser and collision induced phenomena have been explained succesfully within the spherical jellium approximation [6] [7] [8] [9] [10] [11] [12] [13] [14] or the infinitely conducting sphere model [15, 16] .
However, Gutierrez et al. [17] found, that the conductance across a C 60 junction between two carbon nanotubes changes with the orientation of the molecule with respect to the tubes over several orders of magnitude. Furthermore, it has been observed experimentally [18] , that the fusion cross section in fullerene-fullerene collisions is several orders of magnitude smaller than that of the expected geometrical one. This is due to the fact, that only very few and specific relative orientations between the colliding clusters contribute to fusion, as theoretically confirmed by quantum molecular dynamics calculations [18, 19] . A recent experiment by Daughton et al. [20] suggests, that the charge transfer to C 60 at surfaces depends on the molecular orientation as well. To what extent the molecular orientation plays a role in the laser-induced fullerene dynamics is, to the best of our knowledge, still an open question. * E-mail: Ruediger.Schmidt@tu-dresden.de
The response of C 60 to short intense laser pulses is subject of great current experimental [21] [22] [23] [24] [25] and theoretical [26] [27] [28] [29] [30] [31] [32] [33] [34] interest. The most striking feature of fs-pulses (in contrast to ps-pulses) concerns the lack of small fragments and the predominant abundance of intact, multiply charged fullerene ions in the experimental mass spectra of the photofragments [24] . It has been argued [24] , that most of the absorbed energy remains in the electronic system preventing fragmentation even at intensities as large as I ≈ 10 14 W cm 2 . This argument has been supported by pump-probe-control experiments where the excitation of the giant A g (1) "breathing" mode has been identified as one of the nuclear relaxation pathways [23] . This vibrational mode assimilates only a few 10 eV of the total amount of electronically absorbed energy of several 100 eV [23] . However, a comprehensive understanding of the whole mechanism is still far from being reached.
In this report we study the energy deposition process and subsequent nuclear relaxation dynamics of C 60 in fslaser pulses with strong focus on the orientation of the molecule with respect to the laser polarization direction. The investigations are based on the Non-Adiabatic Quantum Molecular Dynamics (NA-QMD) method [35] [36] [37] [38] which couples self-consistently classical nuclear motion with the quantum dynamics of electrons in the framework of time-dependent density functional theory. This universal many-body approach was proven in the past to reveal a large variety of collision-and laser-induced nonadiabatic phenomena in molecular systems ranging from dimers [39] [40] [41] [42] , organic molecules [43, 44] , metallic clusters [45] up to systems as large as fullerenes [23, 46] (for an overview see e.g. www.dymol.org). The large scale computations became possible by expanding the timedependent Kohn-Sham functions into a set of (atomic) basis functions (see [36, 38] for details) which reduces the (still demanding) numerical effort considerably, as compared to grid-based, non-adiabatic ab-initio meth-ods [47, 48] .
In this study, we use a basis constructed from the ccpVDZ and DeMon Coulomb Fitting basis sets [49] [50] [51] for the description of the carbon atoms and the adiabatic local density approximation (ALDA) [52, 53] for the exchange correlation potential. With this basis electrons are allowed to be excited into ionizing continuum states; the explicit inclusion of absorbing boundary conditions [37] have been omitted in the present study. The two innermost electrons of each carbon atom are treated within the frozen core approximation. The electric field of the laser is parameterized according to
with amplitude E 0 , total pulse length T , and fundamental frequency ω. The angles φ and θ describe the polarization direction of the electric field with respect to a fixed molecular position or, equivalently, the different orientations of the molecule in a settled linearly polarized laser field (see sketch on the top of Fig. 1 ). First, we focus on the orientation dependence of the absorbed energy E abs in very short laser pulses with total time duration of T = 10 fs. In this case, the nuclear motion is practically frozen and the calculations can be and have been done keeping the nuclear positions fixed. On top of that, this fixed-nuclei approximation reduces the numerical effort drastically and, thus, allows us to study possible orientation effects systematically as a function of the remaining laser parameters. We choose those of experimental relevance with wavelengths of λ = 400 nm (resonant) and λ = 800 nm (non-resonant) [55] , and intensities, I = As can be seen from Fig. 1 , in all four cases, the energy absorption depends significantly on the orientation of the molecule with respect to the laser polarization direction. Specific orientations (corresponding to the red areas in and between the hexagons in Fig. 1 ) lead to maximum absorbed energy values with E abs /E max abs ≈ 100%. Other orientations (corresponding to the blue, green, yellow areas within the pentagons in Fig. 1 ) result in distinctly smaller values. Obviously, the effect is strongest for the non-resonant wavelength of λ = 800 nm with a total variation of E abs /E max abs of about 30% (left column of Fig. 1 ). To understand this behavior, we have performed complementary orientation dependent real-time linear response calculations [36, 54] . In this method, the molecule is exposed to a very short δ-shaped laser pulse containing all frequencies ω. The optical spectrum S(ω) ∼ Im{α(ω)} (with α(ω) being the linear polarizability) is obtained from the Fourier transform of the induced timedependent electronic dipole moment [36] . Although these calculations suffer from poor statistics [56] , the polarizability α(ω) shows qualitatively a similar orientation The black dots indicate the positions of the carbon atoms (view on yz-plane, cf. sketch on the top of the Figure, where we have slightly rotated the molecule for a complete definition of the polarization respectively orientation angles). The results have been calculated using the fixed-nuclei approximation.
dependence and frequency sensitivity as shown for the absorbed energy in Fig. 1 . Consequently, one can clearly attribute the effect to the anisotropy and ω-dependence of the linear polarizability of C 60 , at least for these short and relatively weak laser fields. Next, we consider in detail the orientation dependence of the absorbed energy E abs and the subsequent nuclear relaxation dynamics in a long (T = 54 fs), strong (I = 6.2 · 10 14 W cm 2 ) and non-resonant (λ = 800 nm) laser pulse. With a total pulse duration of T = 54 fs, the nuclear motion will affect massively the absorption mechanism during the laser pulse (see below). Above all, these laser parameters match also exactly those realized experimentally with highest intensity (Fig. 16 in ref. [22] ). The results of the calculations are summarized in Figs. 2 and3. In Fig. 2 (a) , the absorption pattern of E abs , again calculated within the fixed-nuclei approximation, is shown. It is qualitatively different from that observed for the short pulses in Fig. 1 , now with pronounced maxima within the pentagons and along the C-C single bonds between the pentagons and hexagons. This pulse length dependence is maybe not so surprising, since it is well known already from a simple two-level system, that the population transfer between the two levels and, thus, energy absorption depend on the ratio between the pulse length and the intrinsic Rabi period. More importantly, the nuclear motion drastically influences the energy absorption [cf. Fig. 2 (a) and (b) ]. The maximum values of E abs are increased from E max abs ≈ 400 eV [ Fig. 2 (a) ] up to about E max abs ≈ 600 eV [ Fig. 2 (b) ]. In addition, the orientation dependent profile of E abs is more pronounced if nuclear motion is taken into account. As discussed below, during the very initial stage, the radius of the cage is blowing up in all cases, which leads to a shift in the optical spectrum towards larger polarizabilities, resulting in a distinctly larger amount of absorbed energy.
In Fig. 3 the average C 60 radius is shown on the sub-ps timescale for specific orientations corresponding to the blue, green and red colored regions in Fig. 2 (b) and, thus, to different intervals of the absorbed energies (given´½ Fig. 2 (b) ]. Note, the fission process proceeds along the laser polarization direction.
in Fig. 3 ). Clearly seen, during the laser pulse (t ≤ 54 fs) the radius expands in all cases (corresponding to the first quarter of the "giant" A g (1) breathing mode). The initial excitation of the breathing mode is the key feature of the earliest stage of the electron-vibration coupling mechanism in C 60 .
The long time behavior (t 50 fs) of the relaxation dynamics, however, depends on the orientation respectively on the amount of absorbed energy, with three main channels (see also Fig. 3 ):
(1) breathing: For orientations with relatively low energy absorption (blue areas and blue dotted lines in Figs 2 and 3 , respectively) the breathing mode survives with amplitude and frequency depending on the actual electronic energy (cf. different dotted blue lines) in accord with our previous studies and experiment [23] . The present investigations deliver, in addition, a natural explanation for the weak pump-probe signal of this mode in the experimental spectra: For a given laser pulse and C 60 in the gas phase, all orientations of the cage will contribute simultaneously and, thus, all nuclear relaxation channels will do so (see below).
(2) isomers: At intermediate absorbed energy (green) highly deformed but still stable complexes are formed with a nearly constant average C 60 radius ∼ 7.5 a.u. (cf. the equilibrium C 60 radius ∼ 6.7 a.u.). These electronically excited isomeric states of C 60 are characterized by dominant excitations of vibrational "surface" modes which conserve the volume of the complexes. As in the former case (1), these isomers are also very stable on the subps timescale, because only about 1 10 of the total absorbed energy is transfered into vibrational energy (not shown). However, on longer, i.e. ps (or ns), timescales one expects fragmentation, mainly via C 2 evaporation.
(3) fission: For orientations with highest energy absorption (red) the cluster, however, fragments, basically into two, nearly equally sized large pieces (Fig. 3) . As seen from the behavior of R(t) in Fig.  3 the fission events are the direct consequence and continuation of the initially excited giant breathing mode. Evidently, the (nearly) symmetric fission channel is the energetically favored pathway of the nuclear relaxation. The strongly deformed cap-like fission fragments (Fig. 3) are highly unstable and are expected to decay into many small fragments C n (n 13) on a ps timescale. As a fingerprint of fission and the most important feature for its experimental verification, our calculations show that this process evolves along the laser polarization direction (see Fig. 3 and text below).
These in fact somewhat unexpected findings explain, however, nicely the experimentally observed evolution of the photofragment mass distribution as function of intensity (see discussion to Fig. 16 in [22] ): Whereas for intensities below I 10 14 W cm 2 only the "usual" dominance of C 60 ions is observed, at the highest intensity (as considered in our actual calculations), in addition, a large number of small fragments C n with n 13 is found. Obviously, a decrease of the intensity would necessarily lead to the absence of the fission (and thus final multifragmentation) channels.
In summary, we have studied, for the first time, the orientation dependence of the excitation and relaxation mechanism of C 60 in linearly polarized laser fields. In the framework of ab-initio NA-QMD calculations we found: (i) The amount of deposited energy depends strongly on the molecular orientation with respect to the laser polarization axis.
(ii) The initial stage of the electron-vibration coupling is overwhelmingly dominated by a blow-up of the cage radius (corresponding basically to the excitation of the first quarter of the giant A g (1) breathing mode), independent on orientation.
(iii) The after-pulse nuclear relaxation mechanism depends dramatically on the molecular orientation exhibiting mainly three pathways: (1) excitation of long-living breathing modes, (2) formation of stable, non-breathing isomers, and (3) fission into almost equal pieces.
The orientation dependence of the absorbed energy (i) can hardly be verified experimentally with C 60 -targets in the gas phase. However, if C 60 is oriented on a surface (similar as in the experiments of Daughton et. al. [20] ) we predict strong orientation dependent mass spectra of the ablated fragments as a function of the laser polarization axis with respect to the surface.
The initial blow-up mechanism (ii) and the relaxation channels (iii) should be directly observable in future gas phase experiments. In particular, our calculations predict that the small fragments C n (n 13) resulting from the fission channel will be preferentially emitted along the laser polarization axis. Thus, the fission channel can be identified by measuring the angular distribution of these fragments. Furthermore, the characteristic blowup mechanism should be detectable in pump-probe experiments similar to that used to identify the breathing mode [23] .
Altogether, the present investigations show that, albeit C 60 is highly symmetric with spherical nuclear geometry, it is by no means round. The non-spherical electronic "skin", induced by the discreteness of the nuclear "frame", causes a rich variety of basically different, orientation dependent, laser-induced phenomena.
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